Hydrogeochemical characterization and suitability study of dug well water for domestic purpose were carried out in a semi-arid rural village in Burkina Faso. Thirty water samples were collected from 15 wells in dry and wet seasons, 2017. Electrical conductivity (EC) and total dissolved solids as well as major ions of all samples were within the World Health Organization (WHO) permissible limits for drinking water. In contrast, nine wells had pH beyond the WHO limit during the dry season and one well had very high NO 3 -concentration in the wet season. Most wells were seriously polluted with total Cr (Cr T ) in both seasons (11 and 14 wells in dry and wet seasons, respectively). Although Pb was not detected in the wells during the dry season, six wells showed Pb concentrations exceeding the WHO guideline limit for drinking water in the wet season. Graphic interpretation, including the Piper diagram, major ion ratios and Na/Cl versus EC, were used to characterize the hydrochemistry and water -rock interaction within the wells. The dominant hydrochemical facies of the wells was Ca-HCO 3 during the dry season, reflecting the influence of silicate weathering. Following loadings of agricultural and domestic effluent, the hydrochemical facies shifted to more mixed type during the wet season. All samples had negative chloro-alkaline indices, suggesting retention of Ca by the aquifer materials and release of Na + and K + into the groundwater. In addition to silicate weathering, the hydrochemistry and water quality of the majority of the wells were partially controlled by the evaporation process and longer water-rock interaction in the dry season. In contrast, recharge and dilution effects appeared to alter the natural hydrochemistry of the wells in the wet season. Geochemical characterization has clearly shown that seasonal changes do affect the dug well water quality. The study also demonstrated that, in terms of Cr T and Pb, water from the majority of the wells was not suitable for drinking. A special attention should be therefore paid to groundwater quality protection in the area.
Introduction
Because of the short wet season and high evapotranspiration, surface water is an unreliable source for domestic water supply in semi-arid regions of Burkina Faso (Groen, 1988; Derouane & Dakoure, 2006; Courtois et al., 2010; Huneau et al., 2011) . Furthermore, surface water requires a considerable investment in terms of storage and purification, whereas construction of a low-technology dug well is much cheaper (Sanou, 1997; Kortatsi, 2007) . Consequently, in rural Burkina Faso, shallow hand-dug wells are the main source of domestic water supply (MEE, 2001) . The dug well water suitability for drinking depends on its quality, which is governed by a series of natural processes including water-rock interaction, ion exchange and evaporation (Gibbs, 1970; Appelo & Postma, 2005; Langmuir, 1997; Fetter 1994; Lester & Birkett, 1999; Li et al., 2016) . Inputs from excessive use of agriculture chemical and fertilizers, direct contamination of untreated sewage and mining wastes can also have a profound impact on the dug well water quality (Appelo & Postma, 1999; Zhang et al., 2011) . In rural Burkina Faso, like in most parts of Sub-Saharan Africa, people directly drink dug well water without a prior treatment (UN, 2005) , thereby increasing risks of waterborne disease outbreak (Wu & Sun, 2016) .
Compared to groundwater availability, groundwater quality has received little attention in Burkina Faso. As a result, little is known about the natural processes that control groundwater composition and the anthropogenic factors that affect its quality. The few available data show that shallow groundwater is exposed to a widespread nutrient and microbial contamination (Groen et al., 1988; Yaméogo & Savadogo, 2002; Sako et al., 2018) . Thus, an assessment of various sources of the pollutants affecting dug well water is central for setting up a robust monitoring plan of drinking water quality. Unfortunately, it is very difficult to identify pollutant sources in the groundwater system based on the field data alone. Several graphical interpretation and evaluation schemes of various ratios and indices have been successfully used to identify sources of pollutants in the groundwater system (e.g., Piper 1944; Schöeller, 1962; Pacheco & van der Weijden, 1996; Deutsch, 1997; Gaillardet et al., 1999; Zhu et al., 2008) . Once the sources of the pollutants are known, the groundwater suitability for domestic supply can be evaluated in accordance with the national or international directives and standards.
Therefore, the objectives of the present study were twofold: to (1) determine the main factors controlling dug well water quality and to (2) evaluate the water suitability for domestic water supply. To achieve these objectives, physico-chemical parameters, major ion and selected heavy metal concentrations were analyzed in 30 dug well samples collected during the dry and wet seasons in a village in northwestern Burkina Faso. The findings of this study are likely to open up new vista for understanding the factors that govern seasonal variability of groundwater quality and to provide decision makers information about the potential uses of dug well water in a rural and semi-arid setting.
Study Area
The Passakongo village is located in the Dédougou municipality, northwestern Burkina Faso (Figure 1) . Geomorphologically, the village is a part of an immense West African peneplain known as the Gondo Plain with altitudes not exceeding 300 m above sea level (Groen et al., 1988) . The area lies within the Sudano-Sahelian (i.e., semi-arid) climatic zone with two distinct seasons (Huneau et al., 2011) : a dry season from October to April and a wet season from May to September. The total annual rainfall over the area ranges from 700 to 1020 mm with an average annual rainfall of 900 mm (Frappart et al., 2009) . The air temperatures vary between 21 to 32 ° C with an average annual temperature of 28 ° C. Hence, the potential evapotranspiration of the area is high (>2000 mm/year; Groen et al., 1988) . The Mouhoun River is the main watercourse in the area, and around which the hydrographic network is organized. The river is in equilibrium with groundwater levels along the major part of its course. In the last decades, a decrease of about 30 m in the groundwater level has been observed in the region (Saad, 1970; Huneau et al., 2011) . This is strongly correlated with the decrease in the regional rainfall (Dakoure, 2003) .
In the study area, the Precambrian sedimentary sequence overlies crystalline bedrock, composed of granite and schist of Birrimien and Antebirrimien ages (Sattran & Wenmenga, 2002) . The lithology of the sedimentary rocks is dominated by sandstones, schist and dolomite (Figure 1) (Ouédraogo, 1998; Castaing et al., 2003) . The deep joined sandstone and the shallow weathered overburden aquifers are the two types of aquifers that occur in the area (Groen et al., 1988) . These aquifers are part of the southeastern Taoudeni Basin Aquifer shared by Mali and Burkina Faso, and constitute the only source of drinking water in Dédougou and its surrounding areas. In the town of Dédougou, domestic water supply is mainly derived from the deep joined sedimentary aquifer through private boreholes and tap water supplied by the public water supply system, whereas in rural areas, including the study area, water for human consumption is abstracted from the weathered overburden aquifer through unprotected large diameter (up to 1.5 m) dug wells. The village of Passakongo has an estimated population of 6,290 people consisting mainly of farmers. Because of the high population densities and intensive agricultural practices in the area, the local groundwater is prone to high contamination from agricultural runoff and domestic wastewater.
Materials and Methods
A total of 30 water samples were randomly collected from 15 hand-dug wells in the village of Passakongo during dry and wet seasons, 2017 (Figure 2) . In order to minimize cross contaminations, a sterilized plastic bucket was used to draw water samples. The samples were subsequently filtered through 0.45 µm Millipore membranes into two sets of high density polyethylene bottles. To avoid cation precipitation and their adsorption onto the container, one set of the samples was immediately acidified (pH <2) with ultrapure nitric acid, whereas the other set was left unacidified. Physico-chemical parameters such as pH, electrical conductivity (EC) and total dissolved solids (TDS) were measured in the field using calibrated meters. All the samples were stored at -4°C and taken to the laboratory for major ion and heavy metal analyses. ) and heavy metals (Fe T , Cr T and Pb) in acidified samples were determined using an atomic absorption spectrometer (Perkin Elmer Analyst 100). For the investigated cations, the sum of blanks from filters and reagents was always less than 10% of the analyte concentrations. 
Dug Well Water Quality for Domestic Purpose
The abundance of hydrogeochemical parameters in dug well waters varied broadly among wells and between seasons (Table 1) . With pH ranging from 4.6 to 6.4 (average±SD = 5.8±0.5), dug well water was acidic in the dry season and slightly acidic to alkaline in the wet season (pH = 6.12 -7.6; average = 7). Comparing to the WHO guideline, nine wells had pH beyond the permissible limit for drinking water in the dry season ( Table 2 ). The acidic nature may also enhance mobility and bioavailability of certain potentially harmful metals in the wells. The slightly alkaline nature of the dug well water in the wet season could be attributed to high loadings of HCO 3 -and alkaline earth elements from agricultural sources and chemical weathering within the catchment. All the EC and TDS values in the wells in both seasons were within the safe limits for drinking water compared with the WHO guideline values. Electrical conductivity measures the degree of salinity in water, which greatly affects the taste. The low EC in the present wells is an indication of low mineralization (Boeglin et al., 2003; Braun et al., 2005) encountered in the weathered mantle aquifers. The major contribution to TDS in water is the waterrock interaction with a minor contribution from pollution (John De Zuane, 1997) . The relatively high values of EC and TDS in the wells in the dry season reflect the influence of evaporation and extended water-rock interaction between the well water and the aquifer minerals. Although the average TH did not show any seasonal variations (average ± SD = 54.4±30 and 54±45 mg CaCO 3 /L, respectively), its concentration in the wet season was more sporadic with a high coefficient of variance (CV = 84%) compared to that of the dry season (CV = 55%). This suggests that in addition to water-rock interaction, ionic concentrations in the wells during the wet season may be due to the aquifer recharge. (Rail, 2000) . According to Rail (2000) , K + concentrations in groundwater up to 10 mg/L are attributed to orthoclase or clay weathering, whereas concentrations above 10 mg/L may indicate external sources. Therefore, it can be concluded that K + concentrations in the majority of the dug well is derived from external sources (i.e., fertilizers). Only well14 had NO 3 -concentration exceeding the WHO recommended value for drinking water during the wet season. (Oze et al., 2004) or to anthropogenic sources such as industrial activities and application of numerous biosolids (Wuana & Okieimen, 2011) . In the Passakongo village, beside agriculture and animal husbandry, there are no industrial activities to serve as point source for Cr T , and thus the main source of Cr T in the wells appeared to be agricultural practices and, to a lesser extent, chemical weathering. Although Pb was not measured in the wells during the dry season, six wells (Wells 5, 6, 7, 8, 9 and 10) had Pb concentrations greater than the WHO guideline value (0.01 mg/L) in the wet season. It can be concluded that agricultural runoff and domestic effluent exert negative impacts on the dug well water quality. ,5,7,8,9,10,11,12,14,15 1,2,3,4,5,6,7,8,9,10,11,12,13 ,14 Pb mg/L 0.00 0.00 0.00 0.00 0.00 0.39 0.10 0.10 0,01 None 5, 6, 7, 8, 9, 10 The pollution load in dug wells was evaluated using the pollution index proposed by Pacheco and Van der Weijden (1996) and Soumya et al. (2013) . According to these authors, pollution effect can be quantified as percentage of Cl Based on the calculated pollution indices, wells 1, 8, 11, 13 and 14 were highly polluted with PI greater than 40% during the wet season (Figure 5a ). In contrast, only wells 3, 12 and, to a lesser degree, 10 and 11 had PI>40% in the dry season. Furthermore, the contribution of chemical weathering and pollution to the dug well chemistry was assessed using the scatter plot of Na/Cl ratios versus percentage pollution indices of the wells (Soumya et al., 2013) . The wells with PI<40% are dominated by chemical weathering, whereas those having PI>40% are dominated by pollution (Pacheco and Van der Weijden, 1996 Vol. 8, No. 3; 2018 132 majority of the wells was highly influenced by anthropogenic inputs during both seasons compared to chemical weathering ( Figure 5b ). 
Hydrogeochemical Evolution of Dug Well Water
Factors such as seasonal and temporal variations, lithology, environmental factors, recharge quality, flow patterns and weathering are likely to change the ionic composition of groundwater. Traditionally, the Piper diagram has been used to study the similarities and differences in the composition of waters and to classify them to hydrochemical facies (Piper, 1944; Sadashivaiah et al. 2008; Utom et al. 2013) . The term hydrochemical facies is used to describe groundwaters in an aquifer with varying chemical composition. In the present study, the Piper diagram of the seasonal distribution of major ions revealed four distinct water facies in the Passakongo's dug wells ( Figure 6 ). Thirteen water samples were classified as Ca-HCO 3 type and one sample as mixed Ca-Mg-Cl and another sample as Na-Cl type during the dry season, reflecting the predominant influence of water -rock interaction on the hydrogeochemical signature of the well water (Smedley et al., 2007; Mall et al., 2015; Sako et al., 2016; Rakotondrabe et al., 2017) . The hydrochemical facies shifted from predominately Ca -HCO 3 type to mixed Ca-Na-HCO 3 (2 well), Na-HCO 3 (5 wells), Ca-Mg-Cl (2 wells), Ca-Cl (1 well) and Na-Cl (1 well) types during the wet period. This is an indication of agricultural return flow and ion exchange processes. Figure 6 . Piper diagram representing hydrochemical facies of dug well water during dry and wet seasons (Piper, 1944) The chloro-alkaline (CAI-1 and CAI-2) indices developed by Schöeller (1965) , were used to evaluate a possible ion exchange between the dug well waters and the aquifer minerals (Eq.2 -3). Figure 8b ) on log-log scale (Gaillardet et al., 1999) . Dry season samples (except 2 wells) clustered around the silicate end-member, indicating the influence of silicate weathering on the dug well water's hydrochemistry. In contrast, the wet season samples spread around the silicate end-member, implying that in addition to silicate weathering, anthropogenic activities could contribute to the wells' hydrochemistry. . The shaded areas represent the average compositions of the waters with respect to evaporite, silicate and carbonate end-members (After Gaillardet et al., 1999) A close examination of the scatter plot of Na/Cl molar ratio versus of EC of the samples suggests that in addition to silicate weathering, evaporation could be responsible of the major ion abundance in the dug well water. That is, a sample with Na/Cl = 1 indicates that Na + and Cl -content in the sample is solely derived from halite dissolution, whereas a ratio>1 indicates that Na + was mainly derived from silicate weathering (Hem, 1985; Meybeck, 1987) . On the scatter plot (Figure 9 ), seven samples had Na/Cl> 1 during the wet season against four samples in the dry season, suggesting the influence of silicate weathering on the water chemistry in the wet season. Figure 9 . Relationship between Na/Cl ratio and EC in dug well water, indicating the influence of evaporation process and silicate weathering on dug well hydrochemistry Furthermore, some dry season samples were plotted in horizontal line parallel to x-axis, indicating that evaporation process partially controlled the ion abundance in the dug well water (Jankowski and Acworth, 1997; Reddy et al., 2010) . Thus, evaporation process increases the concentrations of ions in well water during the dry period, whereas the water is diluted during the subsequent wet season recharge.
Conclusions
Interpretation of seasonal hydrochemical data revealed that dug well water quality in the Passakongo village is mainly controlled by both geogenic and anthropogenic processes. Although the field data showed that major ion concentrations were within the WHO acceptable limits for drinking water, the wells appeared to be vulnerable to NO 3 -and K + contamination. Most samples had Cr T concentrations greater than the threshold value for drinking water, whereas Pb posed a serious environmental problem during the wet season. According to piper and bivariate diagrams, the dug well chemistry is mainly controlled by silicate weathering, cation exchange and evaporation process during the dry season. In contrast, loadings of runoff and aquifer recharge governed the well water composition and quality in the wet season. This study demonstrated that water from unprotected dug wells is, in overall, not suitable for human consumption. Hence, urgent plan for groundwater pollution control is needed in rural Burkina Faso. Dug well water should also be purified before any domestic use, particularly during the wet season.
